Nutrients from living environment are vital for the survival and growth of any organism.
Introduction
Molecular mechanisms have been fined-tuned through natural selection over millennia of evolution for survival and growth of organisms under varying nutritional conditions. For example, when deprived of nutrients, each grown, diploid budding yeast (Saccharomyces cerevisiae) cell survives by switching to meiosis type cell division creating four unique stress-resistant spores (Morgan, 2006) . Conversely, in good nutritional conditions, each grown cell contributes to the growth of the organism by switching to mitosis type cell division creating two exactly similar daughter cells (Gupta, 2009) . Recent research provide an in-depth process level understanding of the regulation of budding yeast meiosis and mitosis cell division including their temporal, sequential gene regulation and component wise feedback control at the extreme nutrient conditions (abundance or starvation):
abundance initiates mitosis whereas starvation triggers meiosis (Barik et al., 2010; Kaizu et al., 2010; Nachman et al., 2007; Piekarska et al., 2010) . Budding yeast cells can choose between meiosis or mitosis initiation alternatively according to the available nutrients until an irreversible point called 'commitment point' (Simchen, 2009) . In this paper, we investigate the systemic behaviour of nutrient dependant meiotic-mitotic switching between these two pathways using mathematical modelling.
The diploid yeast cells decide to undergo different development pathways, such as meiosis or mitosis ( Fig. 1) , depending on environmental conditions at the START check point of the G1 phase of cell cycle (Forsburg and Nurse, 1991) . The protein complex, Cdk1/Cln3 1 is the most upstream activator of the START checkpoint, and it is identified as the G1 specific transcriptional activator of budding yeast mitosis (de Bruin et al., 2004; Gallego et al., 1997) ;
high concentration of Cdk1/Cln3 allows traversing through G1 to S phase of the cell cycle in mitosis [22] . When the low levels of Cdk1/Cln3 do not promote entry into the cell cycle, high levels of proteins Ime1 and Ime2, the two principal regulators of meiosis initiation, trigger meiosis in nutritionally stressed conditions, resulting in G1 arrest (Pnueli et al., 2004) .
In contrast, IME1 mRNA low basal levels and Ime2 undetectable levels are found in the nutritionally rich, mitotic conditions (Shenhar and Kassir, 2001) . experimentally observed a double negative feedback loop, a major component of a bistable switch, between meiosis and mitosis initiators (Ime2 and Cdk1/Cln3). Motivated by these experimental studies, to understand the behaviour of the nutrient dependant switch, we incorporate the protein network which includes both the meiosis and mitosis initiators and their main regulators ( Fig. 2 ) in modelling.
Mathematical modelling has been used to understand the machinery of mitosis cell cycle at high nutrients (Chen et al., 2000; Chen et al., 2004; Vinod et al., 2011) , and these studies are helpful for the understanding of the human cell cycle, as the molecular mechanisms are 1 Notation : Protein names are written in lower case starting with an uppercase letter, and genes and mRNAs are written in upper case.
conserved in human and yeast cell cycles (Kaizu et al., 2010) . The available deterministic models can be categorised into two groups depending on their objectives: (1) cell cycle regulation focussed models, where the cell cycle is modelled and controlling mechanisms at checkpoints such as START, G1/S are studied by analysis (Barik et al., 2010; Tóth et al., 2007; Verdugo et al.; Vinod et al., 2011) ; and (2) cell cycle's temporal organisation focussed models, which explain orderly progression of the cell cycle steps by the periodical activation and inactivation of the associated regulators (mainly Cdks and Cyclins) (Chen et al., 2004; Hong et al., 2012; Tyson and Novak, 2008) .
Comparably, there are fewer mathematical studies of meiosis (Ray et al., 2013; Rubinstein et al., 2007; Shen et al., 2010) than mitosis in the literature; and among them, two mathematical models (Ray et al., 2013; Rubinstein et al., 2007) have been proposed to describe meiosis initiation. The most common feature of these two modelling studies is that both of them investigate the feedback loops involved in meiotic initiation. The model developed by Rubinstein et al., (2007) is a Boolean network of meiosis initiation of budding yeast, which includes main initiator proteins, Ime1 and Ime2, their regulators, Ume6 and Rpd3, and two putative nodes representing the negative regulation of Ime1 and Ime2. (The model is a discrete transition system representing the initiation process by a graph whose nodes represent RNA or proteins, and the edges denote regulation.) This model explains the qualitative behaviour of meiosis initiation including the transient and sequential expression patterns of meiotic inducers at nutrient starved conditions and they have interrogated the model to explore variations to their basic network to identify the negative feedback loops that affect the transcription of meiosis initiators. However, the model restricts the protein/RNA expression level to a maximum value of nine which limits the protein and mRNA expression only to that threshold cutting off further expression ( Fig. 2A and Fig.3A in (Rubinstein et al., 2007) ). Further, the weights for each edge are decided without considering the actual mechanisms and do not provide a detailed representation hindering the model's predictive capability. In ensuing years new experimental studies revealed new interactions among the components of the initiation process: meiosis initiators and Cdk1/Cln3 Holt et al., 2007; Szwarcwort-Cohen et al., 2010) , and negative regulators of IME1 transcription and Ime2 transient transcription (Rubinstein et al., 2007) .
Ray et. al.(Ray et al., 2013) (Rubinstein et al., 2007) ). Further, the model is not validated with the available experimental data of the temporal behaviour of the Ime1 and Ime2 protein expressions (Nachman et al., 2007; SheferǦVaida et al., 1995) .
Both of the aforementioned models examine the meiosis initiation network structure, especially the feedback loops, at low nutrient conditions. To date, there are no available models which explore the initial meiotic-mitotic switching behaviour in budding yeast in different nutrient conditions. In this study, we explore the initial meiotic-mitotic switching dynamics by extending the Boolean model (Rubinstein et al., 2007) , which is more biologically sound with stronger experimental validity than the second, and by including recent findings. We develop the model in an ODE framework enabling us to perform phase plane and bifurcation analyses to obtain deeper insights into the system behaviours.
The structure of the paper is as follows: a brief description of molecular biology of meiosis and mitosis initiation is given in Section 2; the new model development and validation is discussed in Section 3; The main findings from the model is presented in the Section 4; finally, the biological insights obtained from the modelling are discussed in Section 5.
Biology of budding yeast meiosis and mitosis initiation
In this section, we succinctly review the specific details of meiosis, mitosis initiation and (Burgess et al., 1999; Kassir et al., 2003) . In contrast, mitosis initiates in both haploid and diploid cells in good nitrogen and carbon conditions (mainly glucose), called vegetative conditions (Morgan, 2006) .
Meiosis process consists of a gene cascade with three major sets, which are expressed sequentially: Early (EMG), Middle (MMG) and Late (LMG) meiosis specific genes.
IME1(Initiator of Meiosis1), which is activated and regulated mainly by nitrogen, is responsible for activating EMGs including IME2(Initiator of Meiosis2) (Kassir et al., 2003) .
Upon nutritional stress, the EMG repressor complex Rpd3/Sin3 (histone deacetylace) on the DNA binding protein Ume6 is partially replaced by Ime1 in the following manner: active Rim15 kinase phosphorylates Ume6, and Sin3 (see Fig 9 of (Pnueli et al., 2004) ); as a result, Ume6 disassociates from Sin3 and removes Rpd3/Sin3 from the EMG promoters; at the same time, the kinase active Rim11 phosphorylates Ime1, and this is required to relieve the Rpd3 repression and to enable the interaction of Ime1 with Ume6. The mechanism of the removal of the other IME2 repressor complex Isw2 (chromatin remodelling complex) is unclear (Kassir et al., 2003) . Ime2 is a positive regulator of MMG and LMG transcription, and it is required for the efficient transcription of all EMGs (Morgan, 2006) . Both Ime1 and Ime2 possess positive autoregulation. Recent research show that IME1 expression is repressed by Rpd3S complex (Rubinstein et al., 2007) . Further, Ime2 phosphorylates Ime1 thereby tagging for degradation (Kassir et al., 2003) . MMGs, which are responsible for nuclear divisions and spore formation, activate LMGs responsible for spore maturation .
Mitotic cell cycle is driven by the Cyclins which activate Cyclin dependent kinases (Cdks) (Gupta, 2009; Morgan, 2006) . The most upstream activator, Cln3's mRNA levels are positively regulated by nitrogen and glucose (Parviz and Heideman, 1998) . Increased Cdk1/Cln3 levels stimulate further downstream mitotic genes upon vegetative conditions (Gallego et al., 1997; Gupta, 2009) . However, Cln3 is reduced mainly by transcriptional repression, translational repression and degradation upon nitrogen depletion (Colomina et al., 1999; Gallego et al., 1997; Parviz and Heideman, 1998) . Experiments recently revealed a double negative feedback loop between Ime2 and Cdk1/Cln3 Holt et al., 2007; Szwarcwort-Cohen et al., 2010) . Additionally, Cln3 phosphorylates and transports Ime1 out of the nucleus (Kassir et al., 2003) and, Cln3 transcriptionally represses IME1 (Colomina et al., 1999) .
Development of the new model

Assumptions of the model
The model we propose (Fig. 2) consists of main meiosis and mitosis initiators (Ime1, Ime2, Cdk1/Cln3), their repressors/activators (Rpd3/Sin3, Rpd3S) and regulators (Nitrogen, Rim15). Biologically meaningful assumptions allow us to present the information at a higher level of abstraction which would encapsulate the essential mechanisms.
We assume that all the participating reactions take place in a single compartment, as meiosis and mitosis initiation can be considered as nuclear events (Kassir et al., 2003) . Most of the transcriptional initiators, including Ime1 and Ime2, are localised to the nucleus of the yeast cell during meiosis initiation (Kominami et al., 1993; Pnueli et al., 2004) . Even though the translation of mRNA happens at the cytoplasm and meiosis related nutritional signals arrive from outside of the plasma membrane through the cytoplasm to the nucleus, most of the meiosis related reactions happen inside the nucleus (Kassir et al., 2003) . This assumption is the basis of modelling the system as a single compartment and the molecular transport times are ignored. We mainly focus on the nutritional dependence of meiosis and mitosis initiation in grown diploid yeast cells. Therefore, the model is valid only for grown diploid yeast cells, and we do not consider the cell type and size control in meiosis and mitosis initiation.
The nutrition affecting meiosis and mitosis initiation includes nitrogen, glucose and nonfermentable carbon sources such as acetate. Among all the other nutrients, nitrogen plays a major role in meiosis and mitosis initiation regulation (Figure 1 of (Kassir et al., 2003) , ). Furthermore, glucose plays a parallel role to nitrogen in meiosis and mitosis initiation (low glucose helps meiosis initiation and high glucose helps mitosis similar to nitrogen) (Parviz and Heideman, 1998; Pnueli et al., 2004) . Therefore, we focus only on the effects of nitrogen on meiosis and mitosis initiation, and we assume glucose and other nutrients are available in appropriate amounts.
Under vegetative conditions, the EMGs including IME2 are repressed by Isw2 and Rpd3/Sin3. As the mechanism of Isw2 removal is not known (Kassir et al., 2003) , it is assumed that Isw2 is removed from the promoters in a parallel way to Rpd3 and its involvement in repression is not considered in the model.
We include the recent research finding of double negative feedback loop between Ime2 and Cdk1/Cln3 to our model, since this relation would affect the switching dynamics. In one of the negative feedback loops between Ime2 and Cdk1/Cln3, functionality of Cdk1 is inhibited by Ime2, because probably all known substrates of Cdk1 are phosphorylated by Ime2 inhibiting the cell cycle progression (Holt et al., 2007; Szwarcwort-Cohen et al., 2009 ).
Further, Cdk1 phosphorylates and tags Cln3 for degradation (Szwarcwort-Cohen et al., 2010) . As Cdk1 substrates are not included in our model, we assume that Ime2
phosphorylates Cdk1/Cln3 and perturbs its functionality.
Ime2 functionality is inhibited in the other negative feedback loop between Ime2 and Cdk1/Cln3; three phosphorylation sites exist in Ime2 where Cak1 and Cdk1 can bind to and phosphorylate Ime2. Cak1 phosphorylation activates Ime2. Cdk1 phosphorylates Ime2 at the same sites where Cak1 binds for phosphorylation (Schindler et al., 2003) . For simplicity, the involvement of Cak1 is not considered in this model; instead, it is assumed that Ime2
activates itself, and its activity is inhibited by the Cdk1 phosphorylation. In this model we ignore the mediator, Ume6 on EMG promoters, and assume direct and simultaneous binding of Rpd3/Sin3 and Ime1 to EMGs.
As mentioned in Section 2, upon Nitrogen depletion, active Rim15 phosphorylates Ume6 and Sin3 thereby breaking the relationship between the Ume6 and Rpd3/Sin3 complex. We assume the relief of Rpd3 on EMG promoter is proportional to the active Rim15 amount.
Upon transformation to meiotic medium, RIM15 is not transcribed, and Rim15 protein gradually disappears (Pnueli et al., 2004) . Since RIM15 gene regulation is unclear, we model active Rim15 protein as a decreasing function from its maximum expression level, which depend on the available nitrogen level, to a minimum level (Fig. 4 ). According to this assumption, at the top level, active Rim15 degrades Rpd3/Sin3 complex on EMG promoters.
Further, Rim11 phosphorylates Ime1, which then represses Rpd3/Sin3 complex. For simplicity, it is assumed that Ime1 directly degrades Rpd3/Sin3. Further, it is assumed that the degradation of Ime1 also directly depends on Ime2 as Ime2 phosphorylates and tags Ime1 for degradation. We ignore the phosphorylations and de-phosphorylations associated with Rim11, Rim15 and Ime1 which implies that they are faster reactions, and the magnitude of reaction rates are such that by ignoring these reactions the system dynamics would not change significantly.
According to the assumption of nuclear localisation of reactions, the phosphorylated Ime1 by
Cln3 is degraded inside the nucleus rather than its actual transportation out of the nucleus.
The Cdk1 expression in budding yeast is constant, and the stability, activity and the expression of Cyclins are regulated during the cell cycle (Miller and Cross, 2001; Pramila et al., 2002) . Therefore, it is assumed that the active Cdk1/Cln3 amount depends on Cln3 level.
Further, Cdk1 is assumed to have a higher level of relative abundance than Cln3.
Typical meiosis initiation conditions include low basal level of Ime1 and high level of
Rpd3/Sin3 (Rubinstein et al., 2007) . The initial and maximum protein concentrations are calculated as follows: the ellipsoidal budding yeast cells have a large diameter of 5-10 ȝm and a small diameter of 1-7ȝm (Schaechter, 2011) . Assuming the nucleus radius of length as 3.75ȝm, width as 2.5ȝm and height as 2ȝm, volume of an ellipsoid is V=4/3*radius of length* radius of width* radius of height = 7.85 × 10 -14 L =7.85× 10 -17 m 3 . The number of molecules corresponding to 1nM is (7.85 × 10 -17 m 3 ) × (10 -6 mole/m 3 ) × (6×10 23 molecules/mole) = 47 molecules. The Ime2 protein abundance in rich medium is 538 molecules per cell (Lu et al., 2006) , and this number is assumed as the basal level of each proteins in our model (10-11nM). As the maximum Ime1 protein expression level is around relative levels of 6 and 7 (ȕ-gal units: 60 and 70) in (SheferǦVaida et al., 1995) , the maximum protein level is then approximately 100nM. Considering the maximum Ime1 protein expression relative level of 6 (SheferǦVaida et al., 1995) , and as the experiments revealed that Rpd3/Sin3 is at its maximum activity at early stage (Pnueli et al., 2004; Rubinstein et al., 2007) , initial condition for Rpd3/Sin3 is decided as 60nM (6 times from the basal level).
According to the experimental levels of Cln3 expression ( Fig. 7 of (Gallego et al., 1997) ) the basal level of Cln3 is also assumed as the basal level of 10nM. Later, we non-dimentionalize these concentrations so that the maximum expression level is 1 (corresponds to 100nM), and minimum is 0 in order to compare the model variables with the corresponding experimental variables.
Equations of the model
Considering the time dependence of each component, the relations in the schematic diagram (Fig. 2) are converted into an ODE model, describing the rate of synthesis and degradation.
Protein synthesis rate is modelled as a function of transcription factor concentrations.
Although these protein synthesis functions ignore mRNA level information, it is commonly used in systems biology modelling where protein synthesis patterns show similarities to their mRNA expression (Mehta et al., 2008; Novak and Tyson, 2004; Rosenfeld et al., 2005; Süel et al., 2006) . We used this approach for protein synthesis functions, considering the similarities between the mRNA and protein expression levels of meiosis initiators, and the negligible nucleo-cytoplasmic transportation delay compared with the meiosis initiation time frame (The typical mRNA transcription time of S.cerevisiae is about 1 minute including mRNA pre-processing time. The time to translate a protein takes about 2 minutes including the nucleo-cytoplasmic transportation delay (Alon, 2007) . Comparably, meiosis initiation time frame is longer and about 20-25 hours (Rubinstein et al., 2007) ).
Equation (1) (Angeli et al., 2004; Dushek et al., 2011; Zi et al., 2010 
The first term on the r.h.s. of the equation (2) is the basal synthesis rate of Ime2 protein. As Cdk1 protein is assumed to be constantly abundant and as its activation depends on Cln3, the expression rate of active Cdk1/Cln3 depends on the nitrogen activation only. 
The first term on r.h.s. describes the formation rate of Rpd3/Sin3 complex. As mentioned in section 3.1, the separation of Rpd3/Sin3 from Ume6 is simplified and assumed that the Rpd3/Sin3 complex is degraded proportional to the available Ime1 and Rim15 amount.
Rim15 term represents the related relief of Rpd3/Sin3, which depends on the active Rim15 amount. Since RIM15 gene regulation is unclear, we model active Rim15 protein as a decreasing function from the maximum expression level (depending on the available nitrogen level) to minimum (Equation 4 .1) as shown in Fig. 4 using the following available facts:
Upon transformation to meiotic medium, RIM15 is not transcribed and Rim15 protein degrades and disappears (Fig. 4 A) (Pnueli et al., 2004) ; In good nutrients Rim15 is unavailable as it is inactivated by phosphorylation (Fig. 4 B) .
We partially non-dimentionalized our model using the total protein levels (Table A .1 of Appendix A ) (De Vries, 2006) , as this approach reduces the complexity of our model; and, the results can be compared with the available experimental, relative concentration levels. In non-dimentionalization, the fraction of protein level to the total amount was used instead of the absolute protein values. The non-dimentionalized model was numerically solved by using the 'Ode45s' function in Mathlab R2010a (The Mathworks, Natick, MA, and U.S.A).
Parameter Estimation
We use experimentally measured value ranges to determine the specific set of parameters given in Table 1 . When the whole range of a parameter is unavailable, the available parameter values are allowed to vary 50 times from the highest reference experimental value and one fiftieth from the lowest reference value to cover experimental error and cellular heterogeneity. Kinetic rates for phosphorylation and complex formation were unavailable.
Therefore, we assign ranges what we consider to be realistic so that the output matches with the given biological criteria. Then, we include the known qualitative features between some parameters such as protein degradation rates. For example, we consider the fact that Ime2 is an unstable protein having a higher degradation rate than Ime1. We fine-tune the parameters (Table 2) 
Validation of the model with experimental data 3.4.1 Time courses of key proteins
To initiate meiosis, the nitrogen depletion signal was input to the model in two ways: low constant nitrogen level, and a decreasing sigmoid function around the low nitrogen level. We present the results corresponding to the low constant nitrogen level (0.06) in Fig. 5 , and similar results were observed to the other input type. Further, maximizing the nitrogen level,
we checked whether the model proteins behave as expected in mitosis initiation (Fig. 8) .
Basic mutant studies
We also checked whether our model could produce basic mutant studies related to the deletion of key genes. (Fig. 6 A) . Ime1 deletion did not initiate meiosis and showed only basal Ime2 levels. When we overexpress Cln3 in very high levels (12 times higher than the usual expression in meiotic conditions), we observed a decrease in Ime1 levels relative to normal levels similar to those in the experiments (Fig. 6 B and Fig 2 of (Colomina et al., 1999) ). We overexpressed Cln3 from Ime2 promoter by inserting the expression terms of Ime2 to Cln3 ( Fig. 6 C) , and the results matched the experiments(Gurevich et al., 2010). We also changed the Ime1 copy number according to the experiments (Gurevich et al., 2010) and observed the quadratic trend in the maximal Ime1 level to the copy number (Fig. 6 D) .
Results
Model explains organism level results of mutant analysis in gene expression level
Since the model produced accurate results during validation, we employed the model to Accordingly, when the post-translational modification of phosphorylations is removed, the model output matches with the Ime2 expression data.
Mitosis Initiation
The model predicts that meiosis initiator (Ime1 and Ime2) levels are low and mitosis initiator (Cdk1/Cln3) levels are high in rich nitrogen levels (Fig. 8) . These results are consistent with the experimental results; Ime1 is in undetectable levels, and Ime2 is absent in the nucleus during vegetative conditions (Sagee et al., 1998) . According to experiments, expression of Ime2 in vegetative cultures is toxic (Guttmann-Raviv et al., 2002) . The Rpd3/Sin3 complex on the promoters shows high value in our model output. This is reasonable because high amount of Rpd3/Sin3 resides on IME2 promoters to repress IME2 expression during rich nitrogen conditions.
Switch between meiosis and mitosis initiators
Nullcline analysis is frequently used in bistable system analysis (Ferrell, 2008; Tóth et al., 2007) . In our ODE model, we study each pair of balance curves of all the combinations of variables throughout a range of nutritional conditions, starting from low value to a very high value. Among all the variable pairs, the nullcline analysis between meiosis and mitosis inducers shows single steady state in nitrogen starved conditions, which may correspond to the meiosis state (Fig. 9 A) . The meiosis initiator (Ime2) level of this steady state is higher than the mitosis initiator (Cdk1/Cln3) level. When nutritional conditions are further increased from the lowest level, we observe three intersection points (steady states) in the same variable pair (Fig. 9 B) . Further higher nutritional levels show single steady state, which may correspond to the mitosis state, where the mitosis inducer levels are higher than the meiosis inducer levels (Fig. 9 C) .
We examined the global steady states in our model by equating the rate changes of all the proteins to zero and did not find any unique steady state. At the same time, by global stability analysis we could not identify any of the previously discussed (Fig. 9) (Tóth et al., 2007; Toth Attila, 2004) . However, we cannot and Ime2 nullcline behaviour. The Ime2 balance curve does not change its entire shape, but it changes the curvature for the different Ime1 and Rpd3/Sin3 average values (Fig. 10 A) .
However, a steady state corresponding to meiosis is found at the intersection of nullclines for the average value pair and arbitrary time points. This intersection point has a gradual variation in its Ime2 value for changing Ime1 and Rpd3/Sin3 levels. However, the shape of the Cdk1/Cln3 balance curve does not change for the average values of Ime1 and Rpd3/Sin3, because Cdk1/Cln3 nullcline equation does not include any Ime1 and Rpd3/Sin3 variables.
We repeated the aforementioned procedure at the nitrogen level (0.083), where we found three steady states. The results (Fig. 10 C) show that there exist three intersection points regardless of the Ime1 and Rpd3/Sin3 variation mainly for the mean value of five hours and at the time of maximum Ime2 expression. This nitrogen level is more unstable than the other two levels since it is the transition state. Further, at higher nitrogen levels ( Fig. 10 B) , we found one nullcline intersection point, corresponding to mitosis initiation.
Ime1 and Rpd3/Sin3 levels do not affect the number of steady states between two initiators in the system for any nitrogen condition, except the existence of slight variations in the steady state values. We conclude that the existence of the bistable switch in Ime2 or Cdk1/Cln3 is not affected by supporting protein (Ime1 and Rpd3/Sin3) variations.
Nutritional dependence of the switch between meiosis and mitosis
We use the bifurcation analysis to examine the meiosis and mitosis initiator behaviour for the whole range of nitrogen, assuming Ime1 and Sin3/Rpd3 remain at steady state levels. These steady state levels of Ime1 and Rpd3/Sin3 are assumed to be the mean values corresponding to time segment of length 2 hours which includes the maximum meiosis initiator (Ime2) level. This time segment is chosen because it is the most probable Ime2 steady state as the Ime2 level decreases or increases outside of this time interval (Fig. 5) . We conducted the bifurcation analysis considering the nitrogen level as the bifurcation parameter (Fig. 11) .
The switch shows that meiosis initiates only at limited nitrogen conditions matching with experiments (Kassir et al., 2003) . Both Ime2 and Cdk1/Cln3 show two steady states corresponding to meiosis and mitosis separated by one unstable steady state, which are key characteristics of a bistable switch (Morgan, 2006) . We observed the gap between the threshold steady states of meiosis and mitosis initiation is around (0.1=10nM), which would be sufficient for mutually exclusive initiation of these two processes.
Transition between meiosis and mitosis
The transition from mitosis to meiosis initiation is predicted to occur between 0.08 and 0.09 of the maximum nitrogen level of 1. We notice saddle node bifurcation from bistable state to meiosis state when the nitrogen level is decreased from the transition region. The saddle node bifurcation again appears at the transition to mitosis state.
This observed nutrient dependent switch is reversible since the transition period is extremely narrow. Because of this reversibility, a cell which has decided to undergo meiosis (because of nutrient stress conditions) would change its decision if the nutrient condition changes favouring mitosis initiation. In fact, the experiments have revealed that budding yeast cells can choose between meiosis or mitosis initiation according to the available nutrients until an irreversible point called 'commitment point' (Simchen, 2009) . Such flexible decision making is required for the optimum usage of the nutrients for the survival of the organism.
Discussion
We present a theoretical model, based on well thought-through assumptions, of meiotic- The predicted switch in meiosis initiator is turned on to meiosis initiation stage when the nitrogen level is starved as shown by the experiments (Fig.1 of (Kassir et al., 2003) ); and, the switch in mitosis initiator is turned on at abundant nutrient levels which agrees with the experiments as well (Gallego et al., 1997) . Our modelled switch explains the mutually exclusive existence of these two developmental processes by a substantial gap (unstable steady state) between the threshold levels of the two stable states. The predicted switch is reversible that once the meiosis switch is turned on by nutritional stress, it would change its decision to mitosis initiation if high levels of nutrients are provided. This is experimentally evident by the observation of the return to growth (mitosis) in meiosis decided cells if exposed to nutrients before they reach the meiotic commitment point. The similar reversible behaviour according to available nutrients is observed in mitosis decided cells until they reach the mitotic commitment point (Simchen, 2009 promoter , and overexpressing Cln3 using a tetracycline regulatory system (Colomina et al., 1999) . These two ways have overexpressed Cln3 at two different concentration levels since the former experiment caused only a two hours delay in entering pre-meiotic DNA replication while the latter caused doubling the number of cells (driving cells to mitosis initiation) and arrested a high percentage of cells with 4c DNA content presumably by higher Cln3 overexpression compared to the former experiment. Our model verifies and reproduces the two experimental observations when Cln3 is overexpressed from Ime2 promoter (Fig. 6 C) and when Cln3 is overexpressed at a higher level than the former experiment ( Fig. 6B ).
Mutually exclusive existence of meiosis and mitosis requires a bistable switch in its initiators with a substantial gap between the two stable steady states. The requirements for a bistable switch include a feedback loop such as double negative or positive in which the two legs of the feedback loop are properly balanced. It was initially suggested that Cln3 repression on Ime1 would help to explain the incompatibility of meiosis and mitosis (Colomina et al., 1999) . However, our model does not show a bistable switch between Ime1 and Cln3 by nullcline analysis, but shows a bistable switch only between Ime2 and Cln3. This is possible since the negative cross talk between Ime1 and Cln3 is uni-directional and it is experimentally revealed that meiosis is robust to decreased or increased levels of IME1
RNA .
In summary, we show meiosis and mitosis initiators create bistable switches with two alternative stable states corresponding to mitosis and meiosis states. The transition to and from each state happens via a small region where the two steady states coexist. The cell would transit from meiosis to mitosis or vice versa from saddle node bifurcation. Due to the narrow region of coexistence of two steady states, the proposed switch is reversible which helps the optimal usage of available nutrients. Once a cell decides to undergo meiosis in stress nutrients, if the nutrients are additionally provided, cell would return to growth (mitosis initiation) and vice-versa until they reach commitment point as shown in the experiments (Simchen, 2009 ).
The nutritional dependence of yeast cell division decision can be considered as a survival strategy of an organism. In fact, meiosis produces unique gametes which may survive hash nutritional conditions. Mitosis type cell division creates identical cell copies for the continuation of the cell generation. The reversible switch between these two processes would allow the cells to choose between these two types of cell divisions for the optimal usage of available nutrients for survival and growth of the organism. , 1995) . Filled circles represent the scaled data from Fig. 7 B of (Gallego et al., 1997) . Squares represent the scaled data from Fig. 2D of (Pnueli et al., 2004) . Initial conditions for the model were within the normal range under which meiosis initiation occurs: 0.1 for Ime1 and 0.6 for the Rpd3/Sin3 concentration, 0.06 for nitrogen concentration, 0.1 for Cln3 and 0 for the other proteins (Gallego et al., 1997; Rubinstein et al., 2007) . (Gallego et al., 1997) . Initial conditions other than nitrogen were set as stated in Fig. 7 . Tables   Table 1. Initial parameter ranges used for parameter estimation (Biological significance of the parameters are given in Table 2 ). Table 2 Belle, A., Tanay sequence requirements for binding to DNA and evolutionary conservation. Nucleic acids research 18, 2769-2776. Hao, N., Nayak, S., Behar, M., Shanks, R. H., Nagiec, M. J., Errede, B., Hasty, J., Elston, T. C., Dohlman, H. G., 2008. Regulation of cell signaling dynamics by the protein kinase-scaffold Ste5. Molecular cell 30, 649. Pelechano, V., Chávez, S., Pérez-Ortín, J. E., 2010. A complete set of nascent transcription rates for yeast genes. PloS one 5, e15442.
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